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Improving Water Spray Efficacy for Fire Suppression via CO, Addition at High
Pressures and Low Temperatures: Evidence for C@Clathrate Hydrate
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This paper describes a technique for achieving a compact aqueous spray that incorposatés B spray

at low temperaturesT(< 10 °C) and high pressure® (> 10 MPa). A high-pressure spray apparatus was
used to explore the effects of temperature-25 °C), nominal CQ mole fraction (6-0.12), in-line filter
pore size (0.57 um), and additives on the high-pressure{1® MPa) water spray patterns. Divergence of
the high-pressure #—CO, spray was significantly reduced at low temperatures, with addition of sodium
lauryl sulfate or aqueous film-forming foam (AFFF), and with a small-pore-size 5 filter. The ob-
served trends, based on digital images, can be explained by the formation, afld@i@ate hydrate within
the continuous-flow system. The concepts discussed herein may be applied to converj@#eFHF
fire-suppression systems, where the introduction o @®a foaming agent can increase fire-suppression
efficacy.

1. Introduction One technique for improving the throw distance of a high-
pressure Ce@H,O/AFFF system may be to incorporate the LCO

Redce”nt .efforts at Air FIO rgg Rﬁsearlcz Lal;)]orztaw‘;RL into the stream as a gas hydrate. Gas hydrates, also known as
(Tyndall Air Force Base, Florida) have led to the development ,ihrate hydrates, are ice-like solid phases that form at high

and successful deployment of a novel high-pressure (10 MPa)Ioressure and low temperatdr€onsisting of roughly 15 mol

Watgr/aqueous fil.m-forming foam (AEFF) spray delivery system % gas and 85 mol % water, gas hydrates offer tremendous
for fire suppressiod.Full-scale fuel fire tests showed that the

high " tinquished the fuel fire i v 20 s with potential for gas storage and have been explored recently for
Igh-pressure system extinguished the fueltire in only 20 S With: 55 sequestratiér’ within the deep ocean and for natural
a water consumption of 50 L, whereas the conventional low-

pressure (1.4 MPa) system was unable to extinguish the fire in ga$ and hydrogehstorage and transportation. Formation of
120 s with a water consumption of 680 L. The enhanced CO; hydrate particles within the high-pressure fire-suppression

system, and ejection of those particles from the nozzle along

effectiveness of the high-pressure system was attributed to anith the HO/AEFF stream, may provide a more practical
increased degree of foam expansion resulting from in(:reasedmethod of assimilating Cpir’no the spray. If dissociation of

turIE)uIehnce assouated (;Ngh thle h|gh-pref?sure sprlay. d the id the CQ hydrate and expansion of the @@as do not occur to
-urther research and development efforts explored the idea, significant extent until the spray reaches the fire, then, CO

of introducing a gas Into the high-pressurgdMFFF system .. may be delivered in the #0/AFFF stream as a foam-forming

to act as a foam-expanding agent. The p_erformance of the_ hlgh'agent without the detrimental effect on the throw distance

pressure HO/AFFF system was further improved when high- 1c0 e in the ambient temperature FOO/AFFF system.

pressure C@was added to the system. In this &B8,0/AFFF . . .

system, the test fire was extinguished in 15 s with a water asTshheoS\fﬁt?Irllltzi(g)];?eqlhdeor?teexgn?psl,gog?e];ljsrl;ggn4ol{/lrlj3r§sasrlge’

consumption of 24 L. However, the introduction of g@t ) ; h . h
ambient temperature reduced the water jet throw distance€quired to form C@hydrate at I'C, whereas pressures4.4

(distance from the nozzle tip to the point at which the water jet MP2 are required at 18C. Hence, if operated &t < 10 °C,
contacts the fire target) from 12.2 to 7.6 m, because of rapid the high-pressure spray delivery systewill provide the ther-
expansion of C@gas at the nozzle exit. These opposing effects modynamic conditions necessary for £€ydrate formation.
resulting from the added GQprompted an investigation into The hydrate formation process is believed to be similar to
the development of a technique that enables gas delivery forthe crystallization process, whereby ordered clusters of @
increased foam expansion, while maintaining the throw distance H20 molecules arrange to form hydrate precurdéfrecursors
of the original system. Such a technique would be of interest that reach a stable nuclei size grow quickly to form hydrate
for widespread fire-suppression applications. crystals. However, the nucleation process is stochastic in
nature!? and induction times have varied from a few seconds
*To whom correspondence concerning this article should be 0 several day$'4The random nature of hydrate nucleation
addressed. E-mail: lli@ara.com. Tel.: (850) 914-3188. Fax: (850) 914- has presented significant difficulty in understanding the complex
31809. nucleation mechanisA?,which is influenced by many factors,
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45 Purple K, a common dry chemical fire-suppression agent, and
40 is, thus, present in many fire-suppression systems. AFFF is a
fluorocarbon-based foaming agent routinely used by the Air

3 3.5 Force for fire suppression and is, therefore, an additional relevant
g 30 additive. SLS is a surfactant, and surfactants similar to SLS
%25 have been shown to promote hydrate formation in batch
g~ systemsg®17 Data obtained from this study may be used to
o

2.0 design more effective fire-fighting systems, which may appeal
to a broad range of applications in the fire-fighting industry.

15
1.0 . .
0 ) 4 6 8 10 2. Experimental Section
Temperature (°C) 2.1. Materials. Water used in this study was obtained from
Figure 1. Three-phase (pD-rich liquid, CQ hydrate, and C@rich vapor) an in-house reverse osmosis (RO) system (Rainsoft model
equilibrium diagram for C@hydrate. Data taken from Adisasmito et'@l. RSRO). Ice, produced from an in-house ice machine supplied

Conditions for hydrate formation and stability are represented by the region \ith the RO water, was used to cool the feed water. Carbon
nan ve th rve. All experimen n herein wer rformed
gt pe)lreds:l?r%sebtet?NZuenelz ar?dpfg M(IEDats z:rcl)ddhuecrtmig r?ygrateefc?rnai\tlgn vSaQIOdee was supplied from a liquid Gylinder (Airgas, Inc.,
possible in the low-temperatur& < 10 °C) runs. 99.8%). Sodium lauryl sulfate (SLS) (Aldrich Chemical Co.,
Inc.) was used as received with the following composition:
including the thermal histofy of the HO and the presence of  dodecyl sulfate, sodium salt (70%); tetradecyl sulfate, sodium
additives!®-18 Hence, the prediction of hydrate formation based salt (~25%), and hexadecyl sulfate, sodium sait500).
on previously observed kinetics is unreliable, and experiments Potassium bicarbonate (99%, Aldrich Chemical Co., Inc.) and
are required to investigate the formation of gas hydrate in a 3% AFFF solution (ANSUL Inc., 4210-01-139-4972, consisting
continuous system. of roughly 77-81% HO, 10% diethylene glycol butyl ether,
Motivated by the potential for spray-pattern improvement 3—7% urea, +5% alkyl sulfate salts, 2% amphoteric fluoro-
offered by the concept of Chydrate formation, we conducted — alkylamide derivative, 0.21% triethanolamine, 0:21% per-
an experimental study to examine the potential for incorporating fluoroalkyl aulfonate salts, 0.05% tolyl triazole, and residual
CO; into an aqueous stream at low temperatures and high organic fluorochemicals) were also used as received.
pressures. Previous experimental studies involving high-pressure 2.2. Continuous-Flow SystemFigure 2 depicts the $0—
H,O—CO, flow systems at low temperatures have largely CO, flow system used in the hydrate-formation experiments.
focused on the formation of Chydrate. Continuous systems  High-pressure (12 MP& P < 19 MPa) water was delivered
have been applied recently to examine techniques for deliveringto the system using a high-pressure pump (Wagner, model 770).
CO;, into the deep ocean for sequestratfofi These flow sys- The pump operated at a constant head pressure, so thag@he H
tems have typically injected small amounts of one phase (liquid flowrate decreased with increasing system pressure. e H
CO, or Hy0) into a large volume of the other phase. Much of flowrate varied from 850 mL/min at 12 MPa to 730 mL/min at
the previous emphasis has been on simulating experimentallyl9 MPa. The Wagner pump was equipped with a safety shut-
the release of liquid C&drops+“and CQ hydrate composifeé off feature, which stopped flow at pressures above 19 MPa.
into the deep ocean. Although these studies have examined thel'he upper range of COmole fraction that could be examined
continuous formation of Cohydrate, the delivery of hydrate  was, hence, limited by this automatic shut-off feature. Liquid
particles into an ambient environment has not been examinedCO, was supplied to the system from a liquid £€€Ylinder via
previously. Thus, the present experimental study examines fora high-pressure pump and regulated with control software, both
the first time the ejection of a high-pressure, low-temperature of which were obtained from a supercritical fluid extraction

H,O—CO, stream into the surrounding atmosphere. system (Thar Technologies, model SFE-500 mL). The flowrate
Effects of nominal C@mole fraction (6-0.12), temperature  of CO, was specified using the Thar ICM (version 2.5) control
(4—25°C), additive, and mixing (in-line filter pore size G- software and ranged from 0 to 200 mL/min. The liquid streams

um) on the ejected spray pattern were evaluated. Additive were combined using &, in. Swagelok tee. Agitation of the
experiments were conducted with added potassium bicarbonateesulting mixture and dispersion of the liquid @®ere achieved
(KHCO3), aqueous film-forming foam (AFFF), and sodium by passing the combined stream through an in-line stainless steel
lauryl sulfate (SLS). KHC®serves as the base compound for filter (Swagelok, P/N SS-2TF-7), contaigjta 7 or 0.5«m pore

Ethylene
Glycol
Solution

CO,

In-line
Filter

.

Insulated
Nozzle

Figure 2. Experimental apparatus.
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size sintered stainless steel filter element, which functioned was turned on and the nozzle temperature was allowed to
similar to a static mixer. The filter pore size wag:ih unless achieve thermal equilibrium. When the nozzle temperature
otherwise noted. The mixed stream was then sent throughreached steady state, the liquid-C@ump was turned on. To
cooling coils and passed over a static mixer, both of which were prevent backflow of HO into the CQ supply line, a two-way
submerged in a 40 L bath of 50% v/v aqueous ethylene glycol straight ball valve was installed in the G{ne to allow pressure
(antifreeze) solution held at roughty3.0 °C and contained  to build in the line before introducing the GGtream into the
within a plastic cooler. The cooling coils consisted of a 72 in. H,O stream. This valve was opened only after the,@Omp
long piece of'/, in. tubing (0.035 in. w.t.) followed by a 196.7  pressure was greater than the water supply line pressure. The
in. long piece oft/g in. tubing (0.020 in. w.t.), which fed intoa  system typically reached steady-state flow conditions after
7.5 in. long segment df; in. tubing (0.035 in. w.t.) connected  roughly 20 s of opening the valve and introducing the,CO
to a second piece of; in. tubing (8.0 in. longx 0.035 in. stream. System conditions (nozzle temperature, pressure, and
w.t.). The second piece df; in. tubing contained the static ~ flowrate) were recorded only after the system had achieved a
mixer (Cole-Parmer, EW-04667-18 in. element diameter,  steady state and did not significantly deviate from the recorded
L/D = 1.04, cut to 23 elements), which served to further increase values during the experiment. Several images of the steady-
the turbulence of the passing fluid mixture and, therefore, the state spray at the given nozzle temperature, system pressure,
dispersion of the C@within the aqueous phase. Residence times filter pore size, additive concentration, and nominal,Cable
of the HO—CO, mixture within the cooler were between 6 and fraction were then captured using a digital camera. In some
7 s. The temperature of the ethylene glycol solution was experiments, water-collection tests were also performed, as
controlled using a circulating bath (Fisher Scientific, model described below. After several-b) images of the spray were
9501). After passing over the static mixer, the pressurized streamcaptured, the C®flow was increased to the next desired
was then ejected from a 24 in. long section of 316 stainless flowrate, and the procedure was repeated until all desireg CO
steel capillary tubing™(g in. 0.d. x 0.058 in. w.t.) into ambient  flows were examined.
(21°C < T < 25°C) air. The capillary tubing nozzle was At a circulating bath temperature setting 8.0 °C, the
mounted external to the cooler via a bulkhead reducing union nozzle temperature with 40-only flow was typically 3-5 °C.
sealed within a hole drilled in the cooler wall and was insulated With CO, flowing, however, the nozzle temperature increased,
with four layers of pipe insulation to minimize ambient heating which suggested that the G@as not adequately cooled before
of the cooled stream as it passed through the nozzle. The surfacenixing with the HO. Placing a thermocouple at a tee in the
temperature of the nozzle, reported herein as the nozzleCQ, line upstream of the fD—CO, mixing point revealed that
temperature and inferred as the temperature of the system duringhe CQ was entering the system at near-ambient temperature.
an experimental run, was measured by a Type E thermocoupleAlthough the system pressure was always sufficiently high
fastened to the surface of the nozzle and underneath the first(>5.5 MPa) to prevent boiling of the liquid GQn the line,
layer of insulation. The end of the thermocouple was located thermal effects were evident in some runs. For higher, CO
2.5 cm from the end of the nozzle. Because of safety concerns,flowrate runs £50 g/min), the final temperature after several
controllability of the ambient environment, and lighting require- minutes of run time was greater~{ °C) than the initial
ments for photo imaging, the test apparatus was set up in atemperature. After acquiring images under these conditions, the
walk-in chemical fume hood with dimension§ ® m wide by CO, flow was reduced to and held at 5 g/min for several minutes
3 m deep g 3 m high. before increasing the GGlow to the next desired flowrate, so
The pressure of the system, as measured by a pressuréhat the initial nozzle temperature was similarly low for each
transducer located at the discharge port of the pump and reportedun.
herein as the system pressure, was recorded using the Thar ICM 2.4, Photo DocumentationTo compare the effect of varying
software. The system pressure was dictated by flow resistancesystem conditions on the spray pattern, a visualization technique
offered by the capillary tubing and/or the filter element and was implemented. For each set of conditions, photo images were
could not be specified. Accumulation of solid material on the recorded using a digital camera (Nikon COOLPIX 5700). To
filter element resulted in small variation+1{.5 MPa) in the provide good contrast of the spray in the images, a 1.3 cm thick
system pressure among experimental runs with identical CO piece of high-density foam rubber was painted black and used
flowrates. The pressure was also recorded using a Bourdon tubeas a background. The black background was supported using a
pressure gauge located on the high-pressure water supply linering stand, and the top of the background was pitched at a
This pressure was typically within 0.3 MPa of the system slightly forward angle (toward the camera) to minimize the
pressure and was used to calibrate th® Howrate delivered amount of overhead light reflected off of the painted rubber
by the high-pressure water pump. For a given set of operating surface. Images from the digital camera served as the primary
conditions, the system pressure increased and iefldwrate data type for determining the effect of system conditions on
decreased as the G@owrate increased. the spray pattern. Images were recorded both with the camera
2.3. Flow System OperationThe water feed was prepared flash off, which captured the overall spray pattern and which
by filling the water pump feed reservoir with RO water and comprise the majority of the images presented herein, and with
ice. A plastic cooler was also filled with water and ice and was the flash on, which revealed more detailed images of individual
used as a backup feed reservoir for refilling the pump reservoir. liquid droplets or particles. These images were collectively
A sufficient amount of ice was mixed in with the RO water to assessed to determine the effect of different system conditions
form an ice-water slurry (0 °C). Additional ice was added  ©on the divergence and form of the spray pattern.
to the pump feed reservoir, as necessary during the run, to 2.5. Water-Collection Tests.An additional technique for
maintain the presence of solid ice and a temperature ng@r 0  assessing the effect of system variables on the ejected spray is
in the feed reservoir. When required, additives were next addedquantification of the throw distance. Because the throw distance
to each reservoir at the specified concentration, and the resultingof the system was much greater than the space availatilé (
solutions were thoroughly mixed. After the temperature of the m) in the walk-in hood, direct measurement of the throw
circulating bath had reached the desired set point, @& pdmp distance was not possible. However, the qualitative effect of
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7] glass tube Table 1. Summary of Experimental Runs
filter system nozzle
data pore pressuré  temp
set additive size gum)  (MPa) (°C) Xco,

1 none 7 1219 20-23 0-0.12
2 none 7 1417 47 0-0.03
3 none 0.5 1318 4-6 0-0.10
graduated cylinder 4 100 ppm of SLS 7 1519 5-6 0-0.10
5 100 ppm of KHCQ 7 14-15 45 0-0.03
6 100 ppm of AFFF 7 1218 5-6 0-0.10
Figure 3. Schematic of water-collection test setup. 7 3300 ppm of AFFF 7 1317 5-8 0-0.05

. . . . 2|n data sets 27, the pressure required for hydrate formation vk
system variables on throw distance can be inferred by examiningmpa.

the compactness of the ejected spray. Therefore, a water-

collection system was used to quantify the compactness of theconfirm the presence of gas hydrate. Additionally, imaging
ejected spray in some experiments. This system was used taechniques, including scanning electron microsc#yclear
determine the fraction of water passing through a constant Crossmagnetic resonanéé25and X-ray tomograph$ and diffraction
sectional area at a constant distance from the end of the nozzletechniques, including X-r&j and neutro®2?diffraction, have

The water-collection test setup, depicted in Figure 3, consisted examined the structure of gas hydrates and have been used to
of a 7.6 cm diameter glass tube connecte@t Lgraduated  stydy their formation and growth. Application of these tech-
cylinder. The cross-sectional area of the tube was smaller thaﬂniques to the present work would require collection of the
that of a fully divergent spray and was, thus, appropriate for ejected spray, isolation of hydrate-containing particles from the
quantifying the transition in spray pattern from compact to collected spray, and preservation of those particles at temper-
divergent. The glass tube was placed 76 cm from the nozzle atyres below or pressures above their dissociation point for
exit and directly in front of the ejected spray. A slight pitching  subsequent analysis. In the present experiments, the high-
of the glass tube prevented backsplash and directed all spraypressure spray was ejected into the ambient environment, and
entering the tube into the graduated cylinder for collection. In sojid particles were not observed in the liquid collected during
a typical water-collection test, roughly-2 L of water was  ater-collection tests. While it may be possible to collect and
collected in the graduated cylinder under steady-state flow jspolate hydrate formed within the present system, the imple-
conditions. For these eXperimentS, the fractioof water mentation of these advanced SpectroscopiC, imaging’ or dif-
collected was calculated as the volume of water collected in fraction techniques to positively identify the formation of £0
the graduated cylinder divided by the total volume of water hydrate within the system was not within the scope of this
delivered from the nozzle (based on the water pump flowrate preliminary study. The focus, rather, was to identify a practical
and the time of the teSt). The ValuefO)flaS, therefore, equal to technique for improving the spray pattern of a high_pressure
unity for a compact stream and decreased as the spray di-H,0—CO, spray, which was motivated by the potential in situ
verged outside of the collection area. Thus, comparing valuesformation of CQ hydrate. Whereas evidence consistent with
of f for different conditions provides a means of quantifying hydrate formation is presented here, future studies incorporating
the effects of those conditions on the compactness of the ejectechne or more of the aforementioned analytical techniques could

stream. o provide unambiguous evidence for the continuous formation of
2.6. Presence of CQ@Clathrate Hydrate. Identification and CO, hydrate within similar flow systems.

quantification of CQ hydrate particles, present in small quanti-
ties relative to the liquid phase and in a continuous-flow system
is not trivial. Several studies have incorporated visualization
techniques to positively identify the formation of gas hydrates,  Table 1 presents a summary of the conditions examined in
in both batch*1°and continuous systems$.In these previous  this study. For each data set, images were acquired for between
studies, significant amounts of gas hydrate were formed, thereby4 and 11 different values of the nominal g@ole fraction
permitting the use of visualization to confirm the presence of Xco, . Here,xco, is calculated as
hydrate. In the present study, macroscopic amounts of a solid
material that could be positively identified as £lydrate were . Neo,
not observed in the ejected spray or in the spray images. In Xco, =77 —
. P . 2 Neo. TN
some cases, visualization images captured with the camera flash €O, H,0
on revealed “dots” in the spray, the concentration of which was
dependent on system conditions. Some of these dots were simplywherenco, andny,o are the molar flowrates of GGand HO,
liquid droplets; others may have contained Cydrate, as respectively, delivered by the high-pressure ,Cahd HO
discussed in Section 3.7. However, visual confirmation of these pumps. Values okco,” were typically 0.03-0.03 and were, in
dots alone does not provide unambiguous evidence for hydratesome cases, lower than the solubibigy, of CO, in HO. For
formation. example Xco, = 0.025 mole fraction at 8C and 12 MP&° In
Other techniques to confirm hydrate formation, which have the present system, a filter served to mix th®HCO, stream.
been successfully applied to unsteady-state batch systems, havé/e speculate that the liquid G@tream was broken into small
relied on measuring the amount of gas added to a closeddrops as it passed through the 0.5 quri pore size filter and
chamber or have related fluctuations in pressure and temperaturénto the HO stream. Hence, our system was not homogeneous,
to hydrate formation within the systeth!® For a steady-state  and the values of reportexto,” in Table 1 do not reflect a
continuous flow system, however, no simple gas consumption homogeneous mole fraction of G@ the system. Rather, the
or system variable fluctuation analogues exist. local CQ, mole fraction near the dispersed liquid £€@rops
Analytical techniques such as Raman spectrostoppd was higher thanxco,”, and HO near the C@ drops was
differential scanning calorimet##?2 have been applied to  supersaturated in GG!

' 3. Results and Discussion
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Figure 4. CO,—H0 spray pattern at ambient temperature: Xg),” = 0, T = 25 °C, P = 11.7 MPa; (b)xco, = 0.012,T = 23 °C, P = 12.6 MPa; (c)
Xco, = 0.014,T = 23°C, P = 12.6 MPa; (d)xco,” = 0.017,T = 24 °C, P = 13.5 MPa.

Figure 5. Effect of temperature on GOH,0 spray pattern: (aJ = 24 °C, P = 13.5 MPaxXco,” = 0.017; (b)T = 7 °C, P = 14.9 MPaxco,” = 0.018.

During the study, several hundred images were recorded. Inin the spray pattern. However, at these reduced temperatures,
the following discussion, which provides interpretation of these the transition from compact jet to divergent spray occurred at
images, only representative images are shown. In these experihigher xco, . Figure 5 shows that the spray was divergent at
ments, the C@ flowrate, rather thamxco,”, was specified. ambient temperature axdo,” = 0.017. At a nozzle temperature
Because of slight variations in the system pressure and resultingof 7 °C (andxco,” = 0.018), however, the spray was a compact
variations in the HO flowrate for different experimental runs jet and did not diverge to a great extent within the distance
at the same C@flowrate, xco,” varied slightly between runs  observed in the spray images. These results demonstrate that a
with identical CQ flowrates. These differences are sufficiently significant reduction in the divergence of high-pressus®H
small such that any conclusions reached by comparing runs atCO, sprays at ambient temperature can be achieved by lowering
similar but not identicalxco,” or system pressure will be the system temperature to within several degrees of the freezing
independent of the slight variation in those quantities. point.

3.1. Effect of Nominal CO, Mole Fraction on Spray The reduction in spray divergence observed at low temper-
Pattern. Baseline experiments at room temperature were atures could be the simple result of the reduced temperature on
conducted to observe the effect of increasing the nominal CO the expansion of liquid CQin the system. Liquid C®@may
mole fraction on the spray pattern. Figure 4 shows images not have dissolved completely in the aqueous phase because of
obtained during these experiments. At lowo,”, the spray insufficient mixing or solubility® limitations. Undissolved liquid
appeared as a compact jet and diverged only slightly-a$ CO, pockets at higher temperatures are expected to vaporize
increased from 0 to 0.012 (Figure 4 parts a and b). At a nominal more quickly and cause greater spray divergence than at lower
CO, mole fraction of 0.014 (Figure 4c), however, a small temperatures. Hence, the decrease in spray divergence at low
amount of the flow expanded rapidly upon exiting the nozzle, temperatures can be explained by a lower rate of liquid CO
and the spray showed signs of significant divergence. Increasingvaporization at the nozzle exit.

Xco, to just 0.017 led to the development of a fully divergent A second explanation of the spray divergence reduction is
spray, as shown in Figure 4d. Hence, increasing the nominalthat CQ hydrate formed in the system at lower temperatures.
CO, mole fraction leads to a transition in the spray pattern from At temperatures below 10C and pressures above 4.5 MPa,
a compact liquid jet to a divergent spray. CO; hydrate formation is possible in-B—CO, systems? In

3.2. Effect of Temperature on Spray Pattern Experiments the low-temperature runs discussed here, the pressure was at
at low nozzle temperatures 4 °C) were conducted to least 12 MPa, liquid C®was dispersed into the,B stream,
elucidate the effect of temperature on the spray pattern. As in and, hence, hydrate formation was possible, @G@rate may
the ambient temperature experiments, increasing the nominalhave formed at any ¥0—CO; interface, one example being
CO, mole fraction to sufficiently high values induced divergence the surface of liquid C@ drops. CQ hydrate formation
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local phenomenon, and because the aqueous interphase sur-
rounding HO-dispersed liquid C&droplets is supersaturated
with CO,,3! hydrate formation on liquid C©droplets is likely

to occur even when the bulk concentration of J@the HO

is well below the solubility of C@3! Thus, any hydrate that
formed in the present experiments most likely formed on the
surface of liquid CQ droplets present in the system.

3.4. Effect of Filter Pore Size on Spray Pattern.Back-
ground experiments revealed that a filter, placed between the
stream combination tee and the cooler, was necessary for
Figure 6. CO,—H,0O spray pattern without filterxco,” = 0.017,T = 4 ach!ev_lng a unlf_orm PO—CO, spray at all temper_atures.
°C,P = 9.1 MPa. Omission of the filter led to a spray pattern that consisted of a
compact liquid jet centered within a divergent gaseous spray,

effectively serves as a sink for GQas CQ required to form as shown in Figure 6. In addition to the lack of homogeneity of

the hydrate must be removed directly from the liquid G the spray pattern, intermittent bursts of gas present under these
aqueous phases. Furthermore, the isolation of liquid @iin conditions suggested that the®+CO; flow was poorly mixed
hydrate-covered COdrops serves as another mechanism by in the absence of a filter.

which liquid CG is functionally reduced within the flow. To examine the effect of filter pore size on the spray pattern

Sequestering CQOIn hydrate crystals and in hydrate-covered at low temperature, we conducted experiments using @i®.5
CO, drops would leave less G@vailable in the flow to expand  filter element (data set 3) for comparison to then filter
immediately after exiting the nozzle, provided that the dissocia- element experiments (data set 2). Figure 7 provides representa-
tion of CQ, hydrate is slower than the expansion of liquid or tive images that demonstrate the effect of filter pore size on
gaseous C@ Thus, the formation of hydrate within the system the HO—CO, stream. Parts a and b of Figure 7 display the
would lead to a less-divergent spray and, hence, account forspray pattern atco,” = 0.017-0.018 observed with each filter.
the observed spray behavior. This reduction in spray divergenceWith a pore size of um, the spray exhibited a small amount
is expected to occur for any run in which a significant amount of gas dissociating from the stream, and there was small but
of CO, hydrate formed. clear divergence throughout the spray. With the g% filter,

3.3. Formation of CO, Hydrate. CO; hydrate is a nonsto-  however, there was no visible gas in the spray, and relatively
ichiometric compound, with equilibrium hydrate phase ;CO little divergence. The effect of filter pore size is dramatically
mole fractions being estimated as low as 0.345. the present illustrated in parts ¢ and d of Figure 7, which show the system
experimentsxco,” Was typically well below this value. However, —atxco,” = 0.024-0.026. Here, the spray with the Qun filter
gas hydrate tends to form at the interface of the water and guestwas clearly less gaseous than the spray with then7filter.
phased#33and hydrate formation has been observed previously The results of these experiments clearly illustrate the sensitivity
on the surface of liquid C@drops in HO—CO, mixtures3435 of the spray pattern to the filter pore size.

Kinetic modeling estimates have suggested that the formation The improvement in spray pattern that occurred first by
of hydrate on the surface of liquid G@rops in high-pressure, including a filter in the system, and then by reducing the filter
low-temperature water is rapid, with the drops being completely pore size, was likely due to increased dispersion of the liquid
covered by hydrate irc2 s, which is less than the residence CO, within the HO stream. Passing the,8—CO, mixture
time in the present experimental apparatug, at10 °C andP through a micron-sized filter likely led to the formation of finely
> 4.5 MPas3637 Furthermore, because hydrate formation is a dispersed liquid C@particles. The formation of these particles

Figure 7. Effect of filter pore size on C®-H,0 spray pattern: (a) #m filter, Xco,” = 0.018,T = 5 °C, P = 15.0 MPaf = 1; (b) 0.5um filter, xco,” =
0.017,T=5°C,P = 13.6 MPaJf = 1; (c) 7um filter, xco,” = 0.026,T = 5 °C, P = 16.8 MPa,f = 0.31; (d) 0.5um filter, Xco,” = 0.024,T = 6 °C, P
= 14.4 MPaf = 1.
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Figure 8. Effect of additive on C@-H,O spray pattern: (a) no
additive,xco,” = 0.026,T = 5 °C, P = 16.8 MPa,f = 0.31; (b)
100 ppm of KHCQ, Xco,” = 0.025,T =5 °C, P = 15.4 MPaf
= 0.30; (c) 100 ppm of SLS¢co,” = 0.025,T=6°C, P = 14.2
MPa, f = not measured; (d) 100 ppm of AFF&o,” = 0.024,T
=6°C,P = 13.9 MPaf = 0.89; (e) 3300 ppm of AFFFco,” =
0.024,T =6 °C, P = 13.9 MPa,f = 0.84.

would have eliminated any large liquid GPockets that existed  0.03). In contrast, the addition of KHG®ad no effect on the
within the flow. This explanation is consistent with the lack of spray pattern over all COmole fractions examined. Further,
intermittent gas bursts that was observed for all filter-equipped the addition of 3300 ppm of AFFF resulted in a foamy spray
runs. Additionally, reducing the filter pore size would lead to that exhibited apparent divergence similar to that without
smaller liquid CQ particles. The resulting increase in®+ additive. However, the presence of a significant amount of foam
CO;, contact area would both promote enhanced dissolution of in the spray likely revealed a wider spray path than was visible
the CQ into the HO and provide greater opportunity for GO  in the absence of foam, and so the exact effect of large quantities
hydrate formation. The occurrence of either phenomenon would of AFFF on the spray cannot be determined from this visual
decrease the amount of liquid G@resent in the ED—CO; evidence alone.

stream and leave less |IC1UId @@\/a”able at the nozzle exit to These results Suggest that additives can be used in a h|gh_
immediately vaporize and cause spray divergence. Hence, thes@ressure HO—CO, flow system to influence the ejected
results suggest that increasing the dispersion of @ithin the stream’s spray pattern. Although KHG@id not affect the spray
H2O flow can decrease the amount of undissolve¢ §@sent  pattern, the addition of both SLS and AFFF led to a reduction
at the nozzle, and offer an additional method for reducing the i divergence of the spray. This reduction may have been due

divergence of high-pressure;8—CO, sprays. to the formation of hydrate in the system. In the case of SLS,
3.5. Effect of Additives on Spray Pattern.Experimental the formation of CQ hydrate is consistent with previous
conditions for runs performed with added SLS, KH{ @nd studiest®1’which indicated that hydrate formation is promoted

AFFF (data sets47) are listed in Table 1. Figure 8 illustrates by surfactants similar to SLS. SLS may have enhanced hydrate
the effect of additives at low temperatures. ab,” = 0.026 formation by increasing hydrate stability (decreasing the pressure
without additive, the spray was divergent, as shown in Figure or increasing the temperature of dissociatfpror promoting
8a. The addition of KHC®at 100 ppm (Figure 8b) had no  reproducible induction time¥. No previous reports have ad-
significant effect on the spray pattern at these conditions. dressed the addition of AFFF as a hydrate promoter. In our
However, the addition of 100 ppm of SLS led to a reduction in experiments, the role of added AFFF may also be to increase
divergence, as shown in Figure 8c. Further, the addition of 100 the rate of hydrate formation, due to it also being a surfactant.
ppm of AFFF (Figure 8d) also led to a less-divergent spray, Another explanation of the observed reduction in spray diver-
which was more compact than that obtained with the 100 ppm gence with AFFF is that Cserved as a foaming agent for the
of SLS. Increasing the AFFF concentration to 3300 ppm (Figure AFFF and was, hence, trapped in foam that formed as the stream
8e) led to an apparent increase in spray divergence whenwas ejected from the nozzle. This occurrence also would have
compared with the 100 ppm run. reduced the amount of GQavailable to expand freely in the
The influence of SLS, AFFF, and KHGOnN the spray pattern  ejected stream, leading to a less-divergent spray. An additional
can be summarized as follows. The addition of 100 ppm of SLS explanation for the improvement in spray pattern observed with
and 100 ppm of AFFF led to a reduction in spray divergence SLS or AFFF is that the addition of these surfactants increased
when compared to the spray without additive (upxt@, = the stability of the ejected spray. The addition of selected
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Figure 9. Effect of nominal CG mole fraction and system conditions on
f, the fraction of water collected.

AFFF, and 0.5um filter runs, respectively. Hence, a high throw
distance was maintained at nominal £@ole fractions up to
Xco, = 0.025 by using AFFF as an additive or by reducing the
filter pore size.

The results of these tests imply that some techniques can be
applied to preserve high distances in high-pressuyf@ sprays
with added CQ. The application of low temperature, the
addition of AFFF, and the use of small filter pore size all led
to an increase in the maximum amount of £®at could be
added to the spray before significantly reducing the throw
distance. These results are consistent with the spray pattern
results shown in the digital images.

Figure 9 also demonstrates that the addition of 3300 ppm of
AFFF to the spray did lead to a reduction in spray divergence,
despite the apparent increase in divergence observed in Figure
8. At xco,” = 0.025,f was much higher in the 3300 ppm AFFF
run (0.89) than in the low-temperature run without additive
(0.30), and hence, the spray was less divergent in the presence
of 3300 ppm of AFFF. Thus, AFFF is an effective additive for
achieving an improved spray pattern over the concentration

surfactants has been shown to increase the stability of ejectedange of 106-3300 ppm.

aqueous spray®8:* Although the addition of surfactants leads

3.7. Observation of Dots in the Spray.Small “dots” were

to reduced surface tension, surfactants may act to hinderroutinely observed in spray images captured with the camera

instability growth or increase the maximum sustainable ampli-

flash on. Figure 10 (parts—ee) provides a comparison of these

tude of instability, thereby reducing the tendency of the ejected dots atxco,” = 0.024-0.026 and varying system conditions.

spray to break uf®
3.6. Effect of System Conditions on Spray Compactness.

Water-collection tests were conducted to quantify the compact-

At ambient temperature (Figure 10a), a small number of dots
appeared within and surrounding the largely gaseous spray. At
low temperatures without additive (Figure 10b), and with 100

ness of spray and to assess the effect of system conditions orppm of KHCG; (Figure 10c), a small number of dots were also
throw distance. These tests were performed under the following present in the spray but were more concentrated in the flow

conditions: (a) ambient temperature (225 °C), (b) 4-5 °C,
(c) 4-5 °C with 100 ppm of KHCQ, (d) 5°C with 100 ppm
of AFFF, (e) 5°C with 3300 ppm of AFFF, and (f) 8C with
0.5 um filter pore size.

Figure 9 displays the results of the water-collection tests.
Considering the ambient temperature {26 °C) run, all of
the ejected water was recovered at Irw,", andf was equal
to 1.0. Asxco, increased from 0.009 to 0.017 at this temper-
ature,f decreased from 1.0 to 0.53. Increasig, to 0.025
led to a further reduction ifito 0.23. However, increasingo,”
above 0.025 led to no significant changefjrup to Xco,”

field because of the reduction in divergence observed at low
temperatures when compared to ambient temperature. However,
with 100 ppm of SLS (Figure 10d), the concentration of dots
increased significantly. Conversely, reducing the pore size from
7 um (Figure 10b) to 0.%¢m (Figure 10e) led to a significant
reduction in the number of dots present. The highest concentra-
tion of dots observed is presented in Figure 10f, which was
obtained aflf = 7.0°C, P = 17.2 bar, andco,” = 0.062, and

with 100 ppm of KHCQ.

One explanation of these dots is that they were liquid water
drops, formed as a result of the turbulent breakup of the liquid

0.10. Hence, these data illustrate quantitatively the transition stream. However, the increase in dots at low temperatures,
in spray pattern from compact liquid jet to divergent spray as accompanied by a decrease in the amount of gas observed in
Xco, is increased. Further, the data imply that high throw the spray, suggests that additional phenomena were operative

distances were achieved at ambient temperaturexagdl <

at low temperatures. For example, some of the dots may have

0.009, and that the throw distance was significantly shortened been small dry ice particles or frozen water droplets, formed

by increasing«co,” above 0.009. Additionally, the data at high
Xco, indicate that the divergent spray, once fully established,
is independent of the amount of G@resent.

Figure 9 further demonstrates the effect of varying system
conditions on the stability of the ejected spray. Lowering the
temperature from ambient to% °C led to an increase in the
amount of CQ that could be added to the system befére
decreased below unity (fromo,” = 0.009 toxco,” = 0.017).
This increase implies that a high throw distance can be
maintained at greatetco,” by operating at low temperatures.
Adding 100 ppm of KHC@, however, did not affect thigprofile
at 4-5 °C and, thus, had no effect on the throw distance.

via Joule-Thomson cooling due to rapid expansion of £O
exiting the nozzle. JouteThomson expansion cooling has been
applied previously to produce frozen microparticles from
aqueous drops dispersed within supercriticabOfa ejection

of the dispersion through a spray noz#&or these applications
in which expansion cooling is desired, high nominal Gable
fractions (0.5-0.9) are employed In our experiments, how-
ever, the nominal C®mole fraction was typically<0.03.
Hence, it is unlikely that a significant portion of the dots were
formed via Joule-Thomson cooling, as large quantities of £O
were not present in the stream. An additional explanation of
the dots involves Cohydrate formation, which we consider in

Conversely, the addition of AFFF and the decrease in filter pore detail here.

size did lead to a more stable stream and higher valué$oof
nominal CQ mole fractions up toxco, = 0.025. This
improvement is most clearly observedxab,” = 0.025, where
f increased from 0.30 for the=b °C run without additive to
0.84, 0.89, and 0.91 for the 3300 ppm of AFFF, 100 ppm of

The dot phenomenon trends observed in Figure 10 coincide
with the improvement in spray pattern discussed in Sections
3.2, 3.4, and 3.5 and are consistent with the formation of
CO, hydrate within the system. At ambient temperature, it is
likely that dots present in the spray were liquid water drops,
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Figure 10. Images captured with camera flash on revealing dots in sprayxc{d) = 0.025,T = 23 °C, P = 14.7 MPa; (b)Xco,” = 0.026,T =5 °C, P
= 16.8 MPa; (c) 100 ppm of KHC®xco,” = 0.025,T =5 °C, P = 15.4 MPa; (d) 100 ppm of SLSco,” = 0.025,T = 6 °C, P = 14.2 MPa; () 0.5im
filter, Xco,” = 0.024,T = 6 °C, P = 14.4 MPa; (f) 100 ppm of KHC@ Xco,” = 0.062,T = 7 °C, P = 17.2 MPa.

formed by the shear imparted on the fluid as it rapidly hydrate-covered liquid COdrops (decrease in number of
depressurized through the nozzle. However, at low tempera-observable dots). Smaller G@Qrops, capable of forming smaller
tures, hydrate formation is favorable on the surface of liqguid CO, hydrate-coated particles, would have been formed in this
CO, drops present in the systef3437 and some of these dots  case because of the order-of-magnitude reduction in filter size.
may have been hydrate-covered liquid £ddops. For runs in 3.8. Spontaneous Pressure Increas€he reduction in spray
which hydrate formation was enhanced, one would expect andivergence that occurred at low system temperatures and in the
increase in the number of dots observed due to an increase inpresence of some additives suggests that [§drate may have
the number of hydrate-coated @@rops formed. Again, the  formed in our system. Further evidence for hydrate formation
formation of hydrate-coated G@rops would have reduced the is provided by the behavior of the system pressure for some
amount of CQ available to immediately expand upon exiting runs. In some experiments at low temperature and without
the nozzle. additive, spontaneous pressure increases were observed after
Data sets 4 and 5 illustrate the consistency between sprayincreasing the C&flowrate from lower kco,” = 0.01) to higher
divergence and dot formation. As shown in Figure 8, addition (Xco,” = 0.02) flows. This interesting behavior is depicted in
of 100 ppm of KHCQ did not reduce divergence of the spray, Figure 11, which demonstrates the effect of varying the, CO
but divergence was reduced with 100 ppm of SLS. Accordingly, flowrate on the system pressure during an experiment-& 4
the number of dots observed in the spray was not affected by °C without additive. For typical steady-state conditions, the
100 ppm of KHCQ, but increased with 100 ppm of SLS even system pressure was stable to within 0.1 MPa and did not change
though the divergence decreased (Figure 10). Additionally, with time. This stable behavior is shown in interval A of Figure
inspection of Figure 10 reveals that less gas was visible in the 11, where the Coflowrate was 20 g/minxco,” = 0.009) and
100 ppm SLS spray when compared to the 100 ppm KgICO the system pressure was 13.8 MPa. Increasing theflo@rate
or additive-free sprays. This behavior is consistent with, CO to 35 g/min &co,” = 0.018) resulted in an increase in system
being removed from the liquid phase (less divergence and visible pressure to 15.0 MPa, as shown in interval B. During interval
gas) and being sequestered in the hydrate phase and withirB, the system pressure increased slowly to 15.5 MPa after
hydrate-coated C£drops (increase in number of dots) for the roughly 4 min, although the CCflowrate was held constant.
100 ppm SLS run. Further increasing the GGlowrate to 50 g/minXco,” = 0.026,
Data sets 2 and 3 provide additional support for the interval C) led to an immediate increase in system pressure to
interpretation of some dots as clathrate-containing particles. Thel6.5 MPa, which increased steadily forl2 s to 16.9 MPa.
reduction in filter size from 7 to 0.zm led to a reduction in After this time, the pressure increased further, despite thg CO
spray divergence. In this case, the number of dots observedflowrate being held constant at 50 g/min, and it fluctuated wildly
decreased. These observations are consistent with the removabetween 17 and 20 MPa, as the automatic shut-off feature of
of CO, from the liquid phase (less divergence) and into smaller the HO pump was momentarily triggered at pressurekd
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Figure 11. Spontaneous increases in system pressure with constanfid@®ate: xco,” = 0.026,T = 5 °C.

Figure 12. Hydrate-like substance observed during background experiments.

MPa. Lowering the C@flowrate to only 5 g/minXco,” = 0.002, the system contained,® and CQ, and further work is required
interval D) quickly decreased the system pressure, which to define the exact nature of this phenomenon.
established a steady-state value of 13.8 MPa. Section E shows 3.9. Observation of a CQ Hydrate-like Substance.During
that the spontaneous pressure increase was reproducible anfackground experiments conducted while developing the ex-
could be induced or ceased by increasing or decreasing the CO perimental apparatus, we observed the extrusion of a snow-
flowrate, respectively. like substance from the nozzle. Figure 12 displays this solid
The spontaneous pressure increases observed at constant CBubstance, which was opaque and white in color. This substance
flowrate for LO—CO, flows at low temperature are consistent formed on two separate occasions, during which the system had
with precipitation of solid material in the system. Under these clogged, flow out of the nozzle had ceased, and the contents of
conditions, such solid particles may have been, ®@drate, the system remained at high pressure for several seconds.
and hence, Figure 11 presents additional evidence for hydrateRoughly 10 s after the clog occurred, the substance was slowly
formation in the present experimental apparatus. Throughoutextruded from the nozzle at a velocity-eB cm s*. The length
interval B and during the first 12 s of interval C, the system of the substance was maintained at roughty43cm, as the
pressure increased monotonically, even though theflo@rate leading end of the substance broke away when the length of
was held constant. If these spontaneous pressure increases wetbe substance exceeded this range. The substance slowly and
due to the formation of hydrate, then the pressure should havesteadily flowed out of the nozzle for30 s, after which time
increased more quickly during interval C, because the nominal the solid was ejected from the nozzle by the pressurized fluid
CO, mole fraction and system pressure during intervakg&a{ behind it and flow resumed.
= 0.026,P = 16.5 MPa) were both greater than those during  One explanation of the solid substance is that it was simply
interval B (o, = 0.018, P = 15.0 MPa). The greater ice that formed in the tubing. However, we expect that solid
availability of CG and higher system pressure (greater hydrate- ice would have completely clogged the system and would have
formation driving force) during interval C would have acceler- been ejected as a plug after partial thawing, rather than being
ated hydrate formation when compared to that during interval expelled from the nozzle slowly and continuously as was the
B. As shown in Figure 11, the pressure did increase more observed substance. This notion is supported by the fact that
quickly during interval C than during interval B. These blockages, which occurred inadvertently when the system
observations thus support the notion that,G@drate formed temperature was below @ and only HO was present, were
in the experimental high-pressure®-CO, system. relieved in a catastrophic system depressurization. Furthermore,
The spontaneous pressure increases shown in Figure 1ihe substance shown in Figure 12 was never observed during
demonstrate a potential for undesired plugging of the system, an HO-only blockage. Thus, it is unlikely that the substance
presumably because of uncontrolled formation of,@@drate. presented in Figure 12 is extruded ice.
For the practical application of high-pressure, low-temperature  The substance shown in Figure 12 formed when bot® H
H,O—-CQO, sprays, it may be important to control system and CQ were supplied to the systemdp,” = 0.009) and the
conditions so that plugging can be avoided. In the experiments system was at low temperature{00 °C) and high pressure
conducted herein, plugging was not a significant problem when (P > 90 bar). Hydrate formation was, hence, possible under
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the conditions in which the substance formed. Furthermore, theincorporated into a gas hydrate phase or within hydrate-covered
substance presented in Figure 12 appears remarkably similadiquid CO, droplets, which led to a reduction in spray divergence
to CO; hydrate streams that have formed in other continuous and, hence, improved the performance of th®HCO, spray
systems. Lee et dland West et at.synthesized a solid stream  for fire-suppression applications.

of CO;, hydrate/liquid CQ composite using a coflow reactor
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